Nucleosomes, the building blocks of chromatin, are responsible for DNA packaging in eukaryotic cell nuclei. They play a structural role in genome condensation, and in¯uence transcription and replication. Properties of the DNA sequence, such as curvature and¯exibility, direct the location of nucleosomes. DNA sequences that position nucleosomes have been identi®ed and rules that govern their properties have been formulated. However, DNA sequences that are refractory to nucleosome formation have been less well characterised and it is possible that they may perturb or alter chromatin structure. Here we identify such sequences by selecting those that refrain from nucleosome formation from a large pool of synthetic DNA fragments with a central region of 146 random base-pairs ®tted with adapters for PCR ampli®cation. These were used for in vitro salt-induced reconstitution of nucleosomes under thermodynamic equilibrium conditions. Fragments that did not form nucleosomes were puri®ed, ampli®ed by PCR, and the reconstitution was repeated. After 17 rounds of negative selection, the material was highly enriched in sequences reluctant to form nucleosomes. Cloning and sequencing revealed that 35% of the molecules had long repeats of TGGA, and their af®nity for histone octamers was about half that of average DNA.
Introduction
Eukaryotic DNA complexed with basic histone proteins forms chromatin, in which the repeating unit is the nucleosome (Felsenfeld, 1978; Kornberg & Thomas, 1974) . In Saccharomyces cerevisiae it contains 165 base-pairs (bp) of DNA, in most mammalian cell lines 160 to 200 bp, and in the sea urchin sperm it has as many as 260 bp (van Holde, 1989) . In all species a conserved length of 146 bp wrapped around an octamer of histone proteins constitutes the nucleosome core particle. The remaining DNA is associated with histone H1 and connects adjacent nucleosomes in the chromatin ®lament. This linker DNA is more accessible to regulatory proteins than nucleosomal core DNA where one side of the DNA is hidden, since it faces towards the histone octamer (Simpson, 1990) .
Previous studies have shown that the DNA sequence dictates the positioning of DNA around the nucleosome in vitro (Thoma & Simpson, 1985) . In vivo the situation is more complex. Early characterisation of nucleosomal DNA revealed an abundance of AA/TT dinucleotides separated by roughly 10 bp (Drew & Travers, 1985; Muyldermans & Travers, 1994; Satchwell et al., 1986) . This was interpreted as a nucleosome positioning signal and led to the construction of fragments with alternating A/T and G/C segments that formed very stable nucleosomes (Shrader & Crothers, 1989) . Five repeated (A/T) 3 NN(G/ C) 3 NN motifs embedded in a DNA fragment, the so-called TG pentamer, is one of the strongest nucleosome forming elements known. Recently, we identi®ed several other sequences that form exceedingly stable nucleosomes by using a selection strategy (Widlund et al., 1997) . Fragments having repeated TATAAACGCC motifs, referred to as TATA tetrads, were found to form the most stable nucleosomes. They were even superior to the TG pentamer in nucleosome formation.
Not only sequences with a high af®nity for histone octamers have structural and regulatory functions. Sequences that have a low af®nity for histone octamers could also arrange nucleosomes, for example, by forming nucleosome-free regions. Such regions appear in chromatin as DNase I hypersensitive sites that are commonly associated with high transcriptional activity (Wolffe, 1995) . Sequences known to disrupt chromatin structure are widely dispersed in eukaryotic genomes. They are found, for example, in telomeric DNA (Blackburn, 1991; Cacchione et al., 1997; Rhodes & Giraldo, 1995) , in the polymorphic region¯anking the human insulin gene (Hammond-Kosack et al., 1993) , and in the promoter regions of many genes (Albert et al., 1997; Batson et al., 1993; Lu et al., 1992; Shimada et al., 1986; Verdone et al., 1996) .
Here we identify sequences that are refractory to nucleosome formation. Starting from a population of synthetic random DNA sequences ®tted with adapters for PCR we reconstituted nucleosomes and ampli®ed the fragments that were not incorporated. This negative selection yielded a population of fragments that formed nucleosomes to a much lesser extent than average. Cloning and sequencing revealed that they were highly enriched in TGGA repeats.
Results
We have selected the sequences that are most refractory to nucleosome formation from a DNA pool of about 10 13 different synthetic fragments with the overall sequence: 5 H -GTCGTGACTGG-GAAAACCCTGGCG-(N) 146 -TCACACAGGAAA-CAGCTATGAC-3 H . The selection was performed by repeated salt-induced nucleosome reconstitutions. Free DNA fragments were mixed with H1-depleted chromatin under conditions where 50 to 75% was incorporated into nucleosomes. Free and incorporated fragments were separated by gel electrophoresis and the free fragments were excised, extracted, ampli®ed by PCR and used as templates in the next round of negative selection. The overall nucleosome stability was measured at several stages during the selection process and was found to decrease successively. A total of 17 cycles was performed, after which the ®nal population was cloned. We sequenced 40 fragments and their inserts were 81 to 126 bp, with a mean of 101 bp, which is considerably less than the inserts in the synthetic starting material, which were 146 bp.
TGGA fragments
Out of the 40 cloned and sequenced fragments, 14 had a high abundance of TGGA repeats (Table 1) , and are referred to as TGGA fragments. In most of them the TGGA repeats were arranged in long runs, although a G was occasionally missing, resulting in TGA repeats. This is particularly pronounced in the fragment that we call TGA (Table 1 ). The average length of the runs of TGGA repeats is 11 bp with the longest being 48 bp.
TGGA repeats are composed of the four dinucleotide steps TG, GG, GA and AT. In the TGGA fragments these account for almost 90% of all dinucleotide steps, which can be compared with the statistical expectation of 25% ( 4/4 2 ) ( Table 2) . The trinucleotides TGG, GGA, GAT and ATG that make up TGGA repeats, account for 69% of all trinucleotide steps (statistical expectation 6.25%), and the tetranucleotides TGGA, GGAT, GATG and ATGG comprise 57% of all tetranucleotide steps (statistical expectation 1.6%).
The inserts in the TGGA fragments were 86 to 126 bp, with an average of 114 bp. This is considerably longer than in the other selected fragments, but still shorter than in the starting material (146 bp). Three of the longest fragments, TGGA-1 (123 bp), TGGA-2 (126 bp), TGGA-3 (120 bp), and the one containing TGA repeats (107 bp), were chosen for further characterisation.
BADSECS fragments
The other selected fragments (26 out of 40) had no obvious sequence features and are referred to as BADSECS. Their inserts were 81 to 117 bp with a mean of 93 bp. The two longest, BADSECS-1 (108 bp) and BADSECS-2 (117 bp), were chosen for further characterisation.
Nucleosome affinities
The fragments chosen for further characterisation (Table 3) were reconstituted into nucleosomes and their af®nity for histone octamers was studied by electrophoretic mobility shift assay (EMSA). They were compared with the synthetic starting material, and also with our previously constructed material from the mouse genome (Widlund et al., 1997) . Figure 1 shows a typical gel where the selected sequences are compared with the starting material. The ratio between the af®nity constants for the histone octamer of any two fragments in the gel can be calculated directly from the band intensities:
where the I values are the amounts of material, measured through radioactivity, in the form of either nucleosomes or free fragments. For example, from this experiment the K TGGA-3 /K SM ratio can be estimated to be (21:79)/(50:50) 0.27. The ratio between af®nity constants is related to the difference in the fragments' af®nity for histone octamers as:
which corresponds to the change in free energy for the hypothetical reaction:
Assuming that thermodynamic equilibrium is established at room temperature (Shrader & Crothers, 1989; Lowary & Widom, 1997) Table 3 . The four TGGA fragments were roughly equivalent, and had distinctly lower af®nity for histone octamers than any other of the analysed fragments, and they formed about 3 kJ mol À1 less-stable nucleosomes than the synthetic starting material. The two BAD-SECS fragments did not form particularly weak nucleosomes. In fact, BADSECS-2 formed nucleosomes almost as stable as the starting material. We also found that the synthetic starting material had the same af®nity for histone octamers as mouse nucleosomal DNA (Widlund et al., 1997) . 
Gel mobility
The gel mobilities of the selected fragments were also analysed by gel electrophoresis. That they all migrate faster than the starting material (Figure 3) can be attributed to their shorter lengths. There are, however, some variations that cannot be explained solely by fragment length. For example, TGGA-1 migrates slower than both TGGA-2 and TGGA-3, although it has an intermediate length; the TGA repeat exhibits a substantially higher mobility than BADSECS-2 even though the length difference is only 1 bp; TGGA-2 and BADSECS-2 have the same mobility despite a length difference of 10 bp.
Discussion Inefficient negative selection
The starting material for the negative selection was synthetic DNA with a central region of 146 random base-pairs ®tted with adapters for PCR ampli®cation. The adapters had the same sequences as those used in the selection of nucleosome forming sequences (Widlund et al., 1997) . The reason why we performed the negative selection starting from synthetic fragments is that the genomic starting material, due to the preparation procedure, would be depleted in sequences refractory to nucleosome formation.
The purpose of the negative selection was to enrich the population in sequences that are not incorporated into nucleosomes. To achieve high selection ef®ciency only a small fraction of fragments should remain unbound in each cycle; most should be incorporated into nucleosomes. It proved dif®cult to ®nd such conditions. Using H1-depleted chromatin as histone source in the reconstitution did not result in incorporation of more than 50 to 75% of the fragments into nucleosomes; as much as 25 to 50% was retained for ampli®ca- Table 3 . Lanes from left to right; 1, probe; 2, mouse nucleosomal DNA; 3, starting material; 4, ®nal population; 5 to 7, TGGA repeats; 8, TGA repeat; 9 and 10, BADSECS fragments. Nucl and I free are the amounts of nucleosomal and free DNA, calculated from radioactivity in each band, for the fragment of interest and the starting material (Shrader & Crothers, 1989) . Mouse nucleosomal DNA was prepared from the mouse genome (Widlund et al., 1997) . SM is the synthetic starting material and FP the ®nal population of the negative selection. BADSECS-1 and BADSECS-2 are the fragments with no obvious sequence features. TGGA represents the group of the three characterised TGGA fragments, and TGA is the fragment with TGA repeat. The data are based on ten independent reconstitutions with H1-depleted chromatin at a concentration of 5 A 260 . tion in each cycle. This made the negative selection much less ef®cient when compared with the selection we performed earlier (Widlund et al., 1997) . We had to make 17 cycles before reaching what we considered a satisfactory degree of enrichment.
Shorter sequences form less-stable nucleosomes
The selected fragments are substantially shorter than the starting material. The lengths of the inserts lengths in the TGGA fragments were 86 to 126 bp, with a mean of 114 bp, and in the BAD-SECS they were 81 to 107 bp, with a mean of 93 bp. This is considerably shorter than the starting material insert (146 bp) and suggests that negative selection favours shorter fragments. Shorter fragments are indeed expected to form less-stable nucleosomes owing to entropic ( statistical) effects. If all base-pairs in a fragment are equivalent and n of them constitute a binding site, an m base-pair long fragment will have (m À n 1) binding sites (McGhee & von Hippel, 1974) . If the microscopic af®nity constant for one of these sites is b; the macroscopic af®nity constant for the fragment is K b(m À n 1) (Samuelsson et al., 1994) . For nucleosomes n is normally considered to be 146{. Including adapters the lengths of the TGGA fragments characterised are about 180 bp (178, 181 and 184), and the length of the starting material is 204 bp. Hence, owing to shorter length, they should bind nucleosomes (204 À 146 1)/ (180À1461) 1.7 times more weakly than the starting material. They bind 2.5À5 exp ÁG À aRT times more weakly (Figure 2 ). Hence, a substantial part of the difference in af®nity should be due to their sequences.
The BADSECS fragments characterised were 166 and 175 bp, and they should bind histone octamers 2 to 2.8 times more weakly than the starting material, owing to their shorter lengths. For these sequences their shorter lengths account for the whole difference in af®nity relative to the starting material, and their sequences may not be important. The rest of the BADSECS are even shorter, which suggests they too have been selected because of shorter length and not because of sequence.
In our selection of nucleosome positioning sequences we also found the selected fragments to be shorter than the starting material (Widlund et al., 1997) . This may seem contradictory. However, in these fragments the base-pairs were not equivalent and each fragment had a small number of preferred binding sites. Increased length does not then provide additional preferred binding sites, and only marginally affects overall af®nity through entropy changes. On the other hand, it leads to destabilisation of the nucleosome, owing to electrostatic repulsion between the fragment ends that are brought together by wrapping around the histone octamer.
But where do the shorter fragments come from in the negative selection? The synthetic starting material was puri®ed by gel electrophoresis and was homogeneous in length. In our selection we ®nd 14 TGGA fragments that all are shorter than the starting material. Since there is no reason why the starting material should contain only shorter TGGA fragments, we conclude that they had the correct length from the beginning and shortened during the selection process. Although the BAD-SECS may originally have been contaminating shorter sequences, it is likely that they too have become shorter during the PCR. We do not imply that PCR in general shortens DNA, but we think that the combination of selection pressure for shorter fragments in the reconstitution procedure with occasional errors made by the Taq polymerase may have produced such a bias.
The TGGA fragments were not selected because of guanine tetraplex formation
The TGGA repeats in the selected fragments exhibit a typical motif for the formation of guanine tetraplexes (Sen & Gilbert, 1988; Sundquist & Klug, 1989) . These are exceedingly stable structures, which would hardly incorporate into nucleosomes. They are built up of square coplanar arrays of four guanine bases associated via a cyclic Hoogsteen hydrogen bonding arrangement that involves N1, N7, O6 and N2 of each guanine base (Guschlbauer et al., 1990) . They are further stabilised by the precise co-ordination of cations, especially potassium, in the cavities formed between the guanine tetrads (Williamson, 1994) .
Guanine tetraplex formation is a frequent nuisance in PCR where the structure causes premature chain termination. However, this can be avoided by the use of potassium-free buffers (Woodford et al., 1995) or 7-deazaguanosine instead of guanosine (Woodford et al., 1994) . We tested both but saw no effects, suggesting that the TGGA repeats do not form tetraplexes under our experimental conditions (data not shown).
Runs containing exclusively TG, GG, GA and AT dinucleotide steps refrain from nucleosome formation When broken up into dinucleotide steps TGGA repeats are composed of the four steps TG, GG, GA and AT. The only DNA sequences that can be formed using these steps exclusively are T(G) n A repeats (n 5 1) and poly(dG). This suggests these sequences may adopt structures that impair nucleosome formation, and that these are inter-{ Growing evidence indicates that the nucleosome af®nity is dominated by the central 120 bp. Therefore, n 120 may be more appropriate for nucleosome core particles (Hayes et al., 1990; Widlund et al., 1997; Luger et al., 1997) . This would make the length dependence less important and is more consistent with the data presented here.
TGGA Repeats Impair Nucleosome Formation
rupted by any other dinucleotide step than TG, GG, GA and AT.
In addition to TGGA steps, the selected fragments also contain TGA steps. The TGA fragment, for example, contains TGA steps almost exclusively. There are, however, no runs with more than two consecutive guanine residues. This could mean that such repeats have other properties and have been lost during the selection, or, alternatively, that they were under-represented in the starting material owing to low synthetic yield.
Recently, several telomeric sequences that have a low propensity to form nucleosomes were found (Cacchione et al., 1997) . These sequences could all be written (G n T m A [0 or 1] ) x , which suggests that the dinucleotide steps GG, GT, TT, TA and AG may also constitute a group that, when uninterrupted, forms a DNA structure that impairs nucleosome formation.
Genomic nucleosomal DNA does not exhibit enhanced stability
Comparison of the random synthetic starting material used here with the mouse nucleosomal DNA (Widlund et al., 1997) shows no signi®cant difference in nucleosome stability (Figure 2 , Table 3 ). In accordance with earlier observations (Lowary & Widom, 1997) , we conclude that eukaryotic nucleosomal DNA does not exhibit enhanced nucleosome stability.
TGGA repeats are present in higher eukaryotic genomes
Since the starting material was synthetic, one may ask whether the selected sequences have any biological signi®cance. In fact, they may not even exist in genomic DNA. Data bank searches identi®ed TGGA repeats in genomes of higher eukaryotes. There are as many as 249 TGGA repeats in the upstream region of the human gene encoding myelin basic protein (Boylan et al., 1990) . A region based on 165 TGGA repeats is located 1100 to 1750 bp upstream from the human myoglobin gene (Weller et al., 1984) , and the intron between exon 12 and exon 13 within the human red blood cell anion exchanger 1 gene contains 31 TGGA repeats (Scho®eld et al., 1994 ). Yet another TGGA repeat region is located at the 3 H end of the second intron in the class II Eb gene of mouse (Saha et al., 1993) . Notably, we did not ®nd any TGGA repeat regions in prokaryotic genomes. In the lower eukaryote S. cerevisiae, whose genome has been fully sequenced, no repeat longer than three TGGA exists.
Materials and Methods
Preparation of H1-depleted chromatin H1-depleted chromatin was prepared from mouse Ehrlich ascites cells as described (Widlund et al., 1997) .
Construction of starting material
DNA fragments with 146 bases of random sequence ®tted with adapters, 24 and 22 bases in length, were synthesised and puri®ed by denaturing gel electrophoresis. Using the same primers as described (Widlund et al., 1997) , 31 and 27 bp in length, about 10 13 molecules of synthetic DNA were ampli®ed by PCR under standard conditions (2.5 mM MgCl 2 , 10 mM Tris-HCl (pH 8.8), 50 mM KCl, Taq polymerase 3 units/100 ml). The 204 bp product, which had restriction sites for EcoRI and BamHI at each end, was puri®ed by agarose gel electrophoresis, electroeluted, and precipitated with ethanol. It was then dissolved in 20 mM Tris-HCl buffer (pH 7.6) and used as starting material for the negative selection.
Reconstitution of nucleosomes
DNA fragments were digested with EcoRI and 3 H -labeled using [a-32 P]dATP and Klenow fragment. A 1 pmol sample of radiolabelled fragments was mixed with H1-depleted chromatin (4 mg in cycles 1 to 8 and 12 mg in cycles 9 to 17) in 1 M NaCl, 20 mM Tris-HCl (pH 7.6), 0.1% (v/v) Nonidet P-40 and 100 mg/ml bovine serum albumin. The mixture was incubated for 30 minutes at 37 C and then diluted to 100 mM NaCl by three additions, made at 20-minute intervals, of low salt buffer at room temperature. The samples were mixed with 1/6 volume of 30% (v/v) glycerol and loaded on a 1.5 mm native 6% (acrylamide to bisacrylamide, 75:1 (w/v)) polyacrylamide gel in 0.5 Â TBE buffer. The gel was run at 4 W and room temperature for two hours. The radioactivity in the nucleosome and free DNA bands was quanti®ed using a storage phosphorus screen and analysed by a phosphor-imager (Molecular Dynamics).
Negative selection
A 1 pmol sample of labelled DNA fragments was reconstituted into nucleosomes by mixing with H1-depleted chromatin. The ratio of nucleosomes to free DNA was adjusted by varying the concentration of chromatin to obtain 50 to 75% incorporation. Free DNA fragments and nucleosomes were separated by polyacrylamide gel electrophoresis in 0.5 Â TBE buffer at room temperature for two hours. The free fragments were recovered by electro-elution, precipitated with ethanol and used as template in the next round of PCR. After 17 cycles the population was cloned and sequenced.
Cloning and sequencing
The ®nal population was digested with EcoRI/BamHI and ligated into pCR-Script SK vector (Stratagene) between the EcoRI/BamHI sites, transformed into Escherichia coli DH5a cells and spread on agar plates. The colonies containing inserts were picked by blue/white screening and grown in LB medium. The presence of plasmid inserts was veri®ed by PCR and prepared bȳ ow column puri®cation (Qiagen). Approximately 0.2 mg plasmid DNA was used for repeated primer extension sequencing (RPE sequencing) (40 cycles using Amersham ThermoSequenase with 2 ml of the N-mixes and 10 pmol of¯uorescent primer in a total volume of 8 ml). The samples were analysed on an A.L.F. DNA sequencer (Pharmacia).
Gel migration analysis
Samples were produced by PCR ampli®cation of cloned fragments and analysed on a native 8% (acrylamide to bisacrylamide, 30:1 (w/v)) polyacrylamide gel run in 0.5 Â TBE buffer at 4 C. The gel was stained with ethidium bromide and photographed.
